In order to determine whether vascular complications associated with asymptomatic adult onset diabetes mellitus could be reduced or prevented by treatment with blood glucose lowering agents, a long term prospective clinical trial known as the University Group Diabetes Program (UGDP) was initiated in 1961. Over 1,000 non-ketotic, noninsulin-requiring maturity onset diabetics in 12 different medical centres were assigned one of five treatment schedules (approximately 200 subjects each) as follows: 1) Placebo (PLBO) -diet alone; 2) Tolbutamide (TOLB) -diet plus a fixed dose of 1.5 g of tolbutamide per day; 3) Insulin standard (ISTD) -diet plus a fixed dose of insulin (ranging from 10-16 units per day depending on body surface area); 4) Insulin variable (IVAR) -diet plus insulin given in variable dosage in an effort to normalize fasting blood glucose levels; and 5) Phenformin (PHEN)" diet plus a fixed dose of 100 mg of phenformin per day.
The conclusions drawn from the study [1, 2, 3] have evoked major controversies regarding: 1) the safety of oral hypoglycaemic agents and 2) the potential of oral agents and of insulin to prevent vascular complications associated with diabetes mellitus. These issues obviously have important implications regarding the pathogenesis of diabetic vascular disease as well as the care and management of patients. The study, however, has been criticized by statisticians and clinical investigators alike [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and several significant problems have been noted in its design, execution and analysis. For these reasons it is important to ascertain whether interpretations and conclusions different from those reached by UGDP investigators are also compatible with the data. Our own review of published UGDP data and unpublished patient records recently released by the UGDP Coordinating Center indicates that UGDP data are indeed equally compatible with interpretations contrary to those of UGDP investigators [16] [17] [18] .
We concur with Feinstein [15] that differences in philosophical approaches to data analysis and interpretation are at the heart of the UGDP controversy. The central issue concerns the selection and usc of methods of data analysis consonant with sound statistical principles as well as with the biopharmacological nature of the problem(s) under study 9 UGDP investigators contend [19] that: 1) "The main difficulty with the UGDP is not its design, execution or analysis, but rather that it reached an unpopular conclusion," 2) "No amount of criticism 9 can alter the findings of the UGDP," and 3) "The unfortunate aspect of the controversy is that it has served as a distraction from the real implications of the study concerning the absence of efficacy of the treatments tested." The position of UGDP investigators appears to be that the likelihood of their findings being flawed by spurious results or accounted for by factors other than those they have suggested is so remote it can be ignored 9
It is our contention that: 1) statistical methods of analysis employed by UGDP investigators were inappropriate to the biopharmacological nature of the questions addressed and the conclusions drawn, 2) UGDP conclusions regarding inefficacy of the treatments tested must be tempered in light of effects of noncompliance (failure to take medications) and 3) in light of the anomalous sex ratio of cardiovascular death rates in the placebo group, UGDP conclusions based on comparison with that group are suspect and should not be extrapolated to the care and management of the general diabetic population. In this communication, we consider the impact of these problems and findings on the analysis and interpretation of UGDP data.
We agree with Schor [5] and O'Sullivan and D'Agostino [12] that data from large, expensive studies such as the UGDP, which cannot be easily repeated, should be thoroughly analyzed by a variety One very useful analytical technique for these assessments and for elucidating biopharmacological interactions in clinical studies is subgroup analysis based on biomedically relevant criteria. Indeed, UGDP investigators themselves employed subgroup analysis techniques to examine effects of age, sex, and clinic differences. Obviously, it is desirable to anticipate subgroups of interest and to formulate hypotheses to be tested prior to initiation of the study, since findings derived from retrospective analyses after examination of the data are more likely to be biased (although it is impossible to assess the extent or even the presence Of such bias in any specific analysis). For this reason potentially important findings derived from retrospectively formulated analyses can and should be evaluated in subsequent prospective studies.
Spurious Data: The Anomalous Sex Ratio of Cardiovascular Deaths in Placebo Subjects
Perhaps the first indication of anomaly in UGDP data was the finding that the two oral agents tested (tolbutamide and phenformin), which lower blood glucose by different mechanisms, were both associated with increased cardiovascular mortality compared to the placebo group, even though no evidence of tolbutamide toxicity had been reported in several previous studies. Furthermore, cardiovascular deaths in the IVAR group (whose fasting blood glucose values were maintained close to normal) were comparable to those in PLBO subjects. Thus, the effects of three different pharmacological agents (a sulfonylurea, a biguanide, and insulin) on cardiovascular deaths were contrary to expectation. Since the credibility of each of these observations hinges on the validity of the PLBO cardiovascular death rate, it is obviously important to examine critically that data in particular for any evidence of anomaly.
As first noted by O'Sullivan and D'Agostino [12] , the sex ratio of cardiovascular death rates in placebo subjects (in data published by UGDP investigators [1] ) and confirmed by the Biometric Committee [9] was 5.3 males to 1 female. This ratio is highly atypical for the general diabetic population in whom cardiovascular deaths in women tend to equal or exceed those in men [20] [21] [22] [23] ; it also differs markedly from that for each of the other treatment groups in the UGDP (Table 1) . It is somewhat surprising therefore that neither UGDP investigators nor the Biometric Committee who reviewed the UGDP data commented on these discrepancies. Note that these important findings do not hinge on subgroup analysis or correction for noncompliance and therefore are not subject to any potential bias associated with those procedures (see below). It is of interest that the sex ratio of cardiovascular death rates in placebo subjects in the Bedford study, 0.7 males to 1 female in Table  A 8 .3 of the Biometric Committee report [9] , is consistent with that from other surveys.
These findings document that cardiovascular deaths in UGDP PLBO subjects were atypical for diabetics in general as well as for all of the other UGDP treatment groups. For this reason UGDP conclusions based on coi-nparison with the PLBO group are suspect and should not be extrapolated to the care and management of the general diabetic population. In addition, these findings account substantially for the anomalous low overall cardiovascular mortality rate in the placebo group, since about 70% of UGDP subjects were women. This, in turn, gave the false impression of increased cardiovascular death rates in each of the other treatment groups which was interpreted as evidence of tolbutamide and phenformin toxicity and lack of insulin efficacy in prevention of cardiovascular deaths.
The alternative to this interpretation (if one chooses not to question the validity of UGDP data) is that tolbutamide and phenformin are more harmful to women than to men and that insulin is harmful to women but not to men even though cardiovascular death rates in women are actually lower than those in men in all three treatment groups. This alternative explanation, however, does not resolve the serious discrepancy in the sex ratio of UGDP PLBO cardiovascular deaths versus that for the other treatment groups and for diabetics in general.
Since this single anomalous result accounts for, and renders untenable, virtually all of the controversial UGDP conclusions, the question is often asked, "How could such a devastating anomalous result occur in a study as carefully planned and executed as the UGDP?" In our opinion, the anomalous sex ratio of cardiovascular death rates in the placebo group is either a spuriously low cardiovascular mortality per se, or it is the consequence of randomization failure in assigning subjects to treatment groups. If evidence of the latter were demonstrable (by differences in baseline variables), the problem could be corrected by statistical procedures, e. g., by a multiple logistic regression model similar to that utilized by UGDP investigators. The Biometric Committee did, in fact, document a highly significant randomization failure in the assigment of subjects by sex to treatment groups within clinics [9] ; however, it was their opinion that this randomization failure did not account for the higher cardiovascular mortality rate in tolbutamide-treated subjects (compared to placebo subjects) reported by UGDP investigators. Since the randomization failure they observed and the anomalous cardiovascular death rate in PLBO subjects are both concerned with sex ratio differences in treatment groups, we still have reservations regarding the Biometric Committee's assessment that the randomization failure they discovered was of no consequence. If they are correct, however, then the anomalous sex ratio of cardiovascular death rates in the PLBO group is indeed a spurious result which is not correctable by any statistical procedure. The determination that a result is spurious ultimately rests on demonstrating that it is biologically incoherent, i. e., inconsonant with other data (as discussed above) and/or established biological principles.
In the context of these considerations, it is useful to recall the logic of statistical significance tests. The observed difference between two groups is compared to the probability of observing that large a difference (or larger) between two random samples drawn from the same population. Only when this latter possibility is quite low are the two groups considered to differ significantly from each other. It is customary to indicate the probability (P) that such a finding might be due to chance or random selection, i. e., P < 0.01. Unfortunately, even when an apparent significant difference is observed, it is impossible to know whether the difference is indeed real, or whether it is due to sampling "extremes" from the same population. A spurious result (difference) may be due to either group being too high or too low. Although in general, spurious results can neither be foreseen nor prevented, their occurrence can be minimized. As pointed out by O'Sullivan and D'Agostino [12] , the fact that the UGDP decision to discontinue tolbutamide was based on inspection of paired (PLBO and TOLB) data, selecting for extreme divergence without considering the basis for the divergence (i. e., possible anomalous behavior of the PLBO group), maximized the likelihood of obtaining a spurious result due to random fluctuation of cardiovascular death rates (in either the PLBO or the TOLB group or both).
Additional evidence supporting the interpretation that the placebo cardiovascular death rate in the TOLB phase of the study was spuriously low due to random fluctuations is provided by the findings that [1] the PLBO cardiovascular death rate more than doubled during the subsequent insulin phase of the study, while that for both insulin treated groups was identical for both time periods and [2] the overall cardiovascular death rate for the entire study period was identical in all three groups.
In view of these and other considerations [18] , it is our interpretation that the cardiovascular death rate in the placebo group, more specifically in placebo women, was spuriously low due to random fluctuation [18] .
The Problem of Bias
A major concern in the design and analysis of clinical trials is the elimination of bias. 1) Bias in selection of subjects who participate in a study may preclude extrapolation of any important new findings to the target population, e. g., noninsulin-requiring diabetics in general. In view of the fact that a high proportion of diabetics selected for participation in the UGDP were from clinic populations in whom compliance is a serious problem (as documented by UGDP investigators themselves), it has been questioned whether the conclusions drawn from the study are applicable to diabetics in general. 2) Subjects assigned to different treatment groups should be alike in every respect (regarding risk factors relevant to the outcome of the study), otherwise any medication effect(or lack thereof) observed may not be ascribable to the medication itself. It has been well documented that the tolbutamide treatment group was allotted substantially more than its share of sub-jects with risk factors associated with increased cardiovascular mortality. Although UGDP investigators used a multivariate logistic model in an effort to compensate for these disparities, details of their methodology have not been released, and the validity of the model is not known. Feinstein [4] has criticized the batch randomization procedure employed for assigning subjects to treatment groups as well as the fact that no allowance was made in the multivariate logistic model for interaction of multiple risk factors in the same subject. 3) Failure of subjects to take assigned medications (noncompliance) and/or changes in their biomedical characteristics during the course of the study, as well as administrative decisions to modify treatment regimens (in light of effects observed), may bias analyses against demonstration of medication effects and must be carefully considered in interpreting the data.
Treatment Failure Due to Noncompliance versus Primary Pharmacological Inefficacy
Obviously, the importance of distinguishing between medication failure due to primary pharmacological inefficacy versus that due to noncompliance is that if it is the latter, increased efforts should be devoted to educate and motivate subjects to comply with the treatment regimen; if it is the former, different pharmacological agents or approaches to therapy must be sought.
UGDP investigators chose to ignore medication changes by subjects in their analysis of the data. This conservative approach avoids the risk of unbalancing the randomization achieved (in assigning subjects to treatments) that might occur if noncompliers are excluded from analysis. Furthermore, they argued that the conservative strategy of including subjects who changed medication strengthened the credibility of their observation that cardiovascular mortality was higher in tolbutamide and phenformin treated subjects than in PLBO subjects since inclusion of such subjects would tend to obscure medication effects and bias the data against demonstrating any effects among compliers.
By the same logic, however, if no medication effect is discerned, as was the case for insulin (and the the failure of oral agents to maintain the lower blood glucose levels achieved initially), the conclusion that the medication (insulin) lacks pharmacological efficacy loses credibility if based on analyses including noncompliers! Thus, while it would be valid to conclude that insulin was no better than diet alone in reducing cardiovascular deaths for the group as a whole (including noncompliers) when used under conditions governing the UGDP, it would be inappropriate to imply that insulin lacks the potential (pharmacological efficacy) to reduce cardiovascular deaths if administered more physiologically under circumstances more conductive to patient compliance. Indeed, the overwhelming majority of insulin-treated UGDP subjects received only a single daily injection of intermediate (duration of action) insulin, whereas recent studies have shown that much better control of blood glucose levels (with normalization of other cardiovascular risk factors) can be achieved with two or more daily injections of mixed insulin (and with less risk of hypoglycemic reactions; [25, 26] ).
In order to determine whether a beneficial effect of insulin was obscured by inclusion of subjects who changed medication, it is necessary to reanalyze the data after correcting for noncompliance. Thus, subgroup analysis is mandatory in order to differentiate medication failure due to noncompliance (for whatever reason) from that due to pharmacological inefficacy. In our opinion, it is not enough merely to exclude subjects known to have changed medication; the analysis should be restricted to those known (or at least likely) to have taken the medication. Subjects who have been unavailable for follow-up for considerable time periods, i.e., one year or longer, are highly suspect in this regard; presumably they would have had to obtain their medication from sources other than UGDP investigators. In view of the fact that a high proportion of the IVAR group who died of cardiovascular causes was assigned very low doses of insulin, as discussed below, it is most unlikely that they would have pursued medication from sources outside the UGDP.
There is no general agreement on how to correct for noncompliance. The simplest, and possibly the most effective, approach is to exclude from analysis all subjects who fail to comply for significant periods of time. We therefore reanalyzed the data after excluding all subjects who had changed medication and/or missed four consecutive quarterly visits or more by the end of the insulin phase of the study. The efficacy of these criteria is attested to by the fact that excluded subjects missed an average of 25 quarters (over 6 years), i.e., one-half the duration of the study; those retained missed an average of only 2.5 quarters of follow-up during the entire study [18] . The magnitude of the medication change/dropout problem is attested to by the fact that by the end of the insulin phase of the study, 42% of all insulintreated and placebo subjects had been off their originally assigned medication and/or were unavailable for follow-up for one half of the duration of the study! Since so many subjects had dropped out and/or changed medication, it was essential to check the distribution of baseline cardiovascular risk factors, by treatment groups, among those retained for data analysis. Inspection of the data revealed that disproportionate numbers of IVAR (relative to PLBO and ISTD) subjects who subsequently died of cardiovascular causes were at increased risk at the time they entered the study in terms of age > 70, diastolic blood pressure > 110 mmHg and fasting blood glucose levels > 150 mg/dl. This situation appeared to be attributable to the fact that: 1) more IVAR than PLBO subjects possessed these risk factors at baseline, and 2) more PLBO and ISTD subjects than IVAR subjects who dropped out and/or changed medication possessed these risk factors [18] . When all subjects with baseline risk factors in excess of these values were excluded, so that the remaining subjects were more comparable (at baseline) in terms of age, severity of diabetes and diastolic blood pressure, we found that cardiovascular mortality was four times higher in PLBO (16.9%) and ISTD (14.7%) than in IVAR subjects (4.4%) [16] . If subjects with baseline FBS values up to 200 mg/dl were included, a two fold difference in mortality between IVAR and the other two groups was still demonstrable. Thus, evidence of insulin efficacy in this subgroup is independent of the flawed PLBO group since the difference in mortality is present between ISTD and IVAR subjects as well as between PLBO and IVAR subjects.
It may be argued that 1) since the subjects remaining in this subgroup constitute such a small fraction of those recruited into the study and 2) since they were selected by "a posteriori" criteria, the data are likely to be biased and it is inappropriate to draw any conclusions from them. We would emphasize that although the numbers of subjects remaining in the subgroup are much smaller than for the whole group (N = --70 for each treatment group compared to -200 originally), they still comprise over 30% of recruited subjects, more importantly, however, they are the only relevant subjects to whom the question of pharmacological efficacy of insulin should be addressed. The selection criteria used are medically relevant and they were applied uniformly to data obtained at baseline from all subjects. A. Bradford Hill has noted [27], "... Large numbers in themselves are worse than useless if the groups are not comparable (or, we would add, appropriate to the question addressed), since they encourage confidence in an erroneous opinion." While there is a greater likelihood of selection bias in this subgroup than in the total study group, the presence of bias is by no means a certainty. On the other hand, as discussed above, the data on which UGDP investigators based their conclusion that insulin was inefficacious was clearly biased against demonstrating any medication effect.
The fact that insulin efficacy in reducing cardiovascular deaths was demonstrable only in IVAR subjects with relatively mild diabetes is not particularly surprising in light of the fact that insulin was administered in a single daily injection (almost without exception) regardless of the severity of diabetes. Indeed, single daily injections of insulin would be expected to come much closer to normalizing consequences of insulin deficiency in mild diabetics than in those with more severe diabetes who need, and benefit from, more physiological insulin injections as discussed above.
Thus, while further studies are needed to confirm and extend evidence of insulin efficacy in this subgroup, the UGDP conclusion that insulin was not efficacious must be tempered in accordance with this finding and with other considerations discussed above and below.
Regardless of any question regarding the interpretation and significance of the findings discussed above, the credibility of the UGDP conclusion that insulin was inefficacious in reducing cardiovascular deaths is greatly weakened by the fact that almost one-half (45%) of the 29 IVAR subjects who died of cardiovascular causes were virtually untreated with insulin [18]. 1) Five of the 29 received an average of only 10 units of insulin or less per day for an average of only 2.2 quarters and were off insulin on their last visit prior to death (one had not been seen for 2 years and another for 9 years prior to death).
2) Another 5 had not returned for follow-up visits for an average of 3.5 years (range 1-7 years) prior to death (3 were on 10 units of insulin or less per day and 4 of the 5 had been seen less than 4 follow-up visits each).
3) Three more subjects died shortly after entering the study with only 3 follow-up visits each (2 of these received only 15 units of insulin per day).
Thus, these 13 subjects received very small amounts of insulin (in subjects who completed 35 quarters of follow-up, daily insulin dosage ranged from 5-40 units in the 1st quarter and 5-240 units in the 35th quarter [3] ) and/or died shortly after entering the programme well before any substantial beneficial effect of insulin on vascular complications would be anticipated. These clinical circumstances preclude attributing cardiovascular death to lack of insulin efficacy.
The Question of Tolbutamide and Phenformin Toxicity and Efficacy
Tolbutamide and phenformin were both discontinued before termination of the study because cardiovascular deaths appeared to be excessive relative to those in placebo subjects and there was no evidence that either medication was efficacious in reducing non-fatal events. UGDP investigators also reported they were unable to identify any marker by which tolbutamide-treated subjects likely to die of cardiovascular causes might be identified [28] . On the contrary we have verified that fully 50% of all tolbutamide-treated subjects who died of cardiovascular causes had fasting blood glucose values of 200 mg/dl or greater in the year prior to death. In contrast, the frequency of cardiovascular deaths in tolbutamide-treated subjects with fasting blood glucose values below 200 mg/dl was no greater than that for the other treatment groups. No similar association between fasting blood glucose levels and cardiovascular deaths was evident in the other treatment groups [18] .
We would emphasise that this apparent relationship between high blood glucose levels and excess cardiovascular mortality in tolbutamide treated subjects is particularly subject to selection bias (more so than any of the other findings we have reported), since the 200 mg/dl fasting blood glucose level which provided optimal discrimination (between blood glucose levels associated with increased cardiovascular mortality versus those not) was determined by inspection of the data. On the other hand, it would be foolish indeed to ignore these observations on grounds that they were adduced from "a posteriori" criteria. In view of recently proposed mechanisms of cardiovascular toxicity attributed to tolbutamide [18] and the important implications of our findings regarding use of tolbutamide in poorly controlled diabetics, there is clearly a need for further studies of potential interaction between blood glucose levels and the putative cardiovascular toxic effects of tolbutamide.
UGDP investigators reported that lowered fasting blood glucose levels achieved initially with tolbutamide and phenformin were not maintained during follow-up visits. Their analysis, however, did not take into consideration the biological heterogeneity of the population under study or the different mechanisms by which these agents lower blood glucose levels [29] . Sulfonylureas (i. e., tolbutamide) act by facilitating release of endogenous insulin from the pancreas; with chronic use, insulin-mediated extrapancreatic effects may also come into play. Phenformin acts strictly by non-insulin dependent extrapancreatic mechanisms and does not lower blood glucose levels in nondiabetics. We have examined the effects of these agents on fasting blood glucose values, reorienting the analysis in light of these biopharmacological considerations. First, we excluded subjects who dropped out and/or changed medication for a year or longer. Second, in view of the fact that 1) tolbutamide-induced release of endogenous insulin reserves should be inversely related to fasting blood glucose levels and 2) lowering of blood glucose by phenformin should be proportional to fasting blood glucose levels, we subdivided the remaining subjects according to their baseline fasting blood glucose values (i. e., < 110, 110-129, 130-149, 150-199, _~ 200 mg/dl) [18] . We then determined mean fasting blood glucose values for each subject for the last three quarters of treatment prior to discontinuation of tolbutamide or phenformin. We found that mean fasting blood glucose values for tolbutamide-treated subjects averaged 20-25 mg/dl less (t = 2.88, P < 0.005) [18] than for placebo-treated subjects, except for those whose baseline fasting blood glucose values exceeded 200 mg/dl.
Phenformin was even more efficacious. Mean fasting blood glucose values of phenformin-treated subjects whose baseline fasting blood glucose values were over 110mg/dl were 65mg/dl lower (t --5.444, P < 0.001) than those of placebo subjects. In contrast, mean fasting blood glucose values reported by UGDP investigators for these two groups (including subjects who changed medication) never differed by more than 8 mg/dl (Table F-l, [2] ). Thus, both oral agents were still achieving substantial reduction of blood glucose levels after several years of use. It should be noted that this data is still undoubtedly biased against demonstrating medication effects, since it includes both primary and secondary treatment failures. Nevertheless, these findings demonstrate that the approach to data analysis is critical in differentiating between apparent lack of medication efficacy due to noncompliance vs true pharmacological inefficacy. In view of these findings, reanalysis of data (not released by the UGDP Coordinating Center) on other non-fatal cardiovascular events might also be informative.
Condusions
1) The statistical methods utilized by UGDP investigators were inappropriate to the biopharmacological nature of the questions addressed and the conclusions drawn from the study.
2) The anomalous sex ratio of cardiovascular deaths in PLBO subjects constitutes a spurious result which renders suspect all UGDP conclusions based on comparison with that group.
Again, one must ask, "How and why did these problems happen and how can they be avoided in the future?" Our findings indicate the answer to the second part of the question; only UGDP investigators themselves can answer the first.
